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論 文 内 容 要 旨          
 Free surface flow problems occur in numerous disaster simulations, such as tsunamis inland penetration 
in urban area. Simulation models for these problems have to be non-hydrostatic, three-dimensional and 
highly resolved because of the strong non-linearity and higher-order physical phenomena. Despite all the 
progress in the modern computational fluid dynamics, such simulations still present formidable challenges 
both from numerical and computational cost point of view due to the pressure Poisson equation in the 
incompressible Navier-Stokes equations' fluid modellings. 
 Emerging as a powerful numerical technique in recent years, the lattice Boltzmann method exhibits 
unique numerical and computational features in specific problems for its ability to simulate large scale flow 
fields as well as its inherent advantage to deliver favourable computational efficiencies on massively parallel 
processors such as multi-core processors or graphical processing units. The lattice Boltzmann method is one 
of computational fluid dynamics solvers. It starts with a fully discrete model rather than discretising a set of 
particle differential equations and solving them, directly. In this regard, the lattice Boltzmann method is 
suitable for a large-scaled fluid simulation and gains substantial expectation as an efficient 
three-dimensional tsunami simulation approach.  
 In this thesis, two classes of the lattice Boltzmann method for tsunami flow simulations are developed 
which are coupled with the piecewise linear interface calculation with the Volume-of-Fluid technique and 
based on the non-linear shallow water theory. The first model is for an efficient three-dimensional tsunami 
simulation by a one-fluid formulation, where the lattice Boltzmann equation is assigned to solve for a single 
virtual fluid and the gas-liquid interface is captured through convection of fluid fraction values by solving the 
advection equation with the finite volume method.  
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Figure 1: The velocity profiles of the two-dimensional lid-driven cavity flow on steady state. 
 The most famous model generated with the lattice Boltzmann method is based on the 
Bhatnagar-Gross-Krook collision model (BGK-LBM), using the single relaxation time coefficient. This 
approach, however, has obvious defects; for example, the Prandtl number is fixed for its simplicity. The 
collision model additionally tends to encounter stability problems in high-Reynolds number flows. An 
advanced multiple-relaxation-time collision model (MRT-LBM) has been developed simultaneously with the 
Bhatnagar-Gross-Krook model. One attractive advantage of the model is the improvement in the numerical 
stability in high-Reynolds number flows. The multiple-relaxation-time model, thus, is an alternative 
approach to overcome the defects of the Bhatnagar-Gross-Krook model as shown in Figure 1. 
 Researchers have developed an epoch-making fluid model and confirmed its accuracy by the 
multiple-relaxation-time model; however, few studies have validated the collision model in 
three-dimensional free surface flows, especially in spacing fluid density. It is well known that 
pseudo-compressibility appears in the lattice Boltzmann method because of an explicit method, which 
means the lattice Boltzmann method does not assume the sound speed to be infinity, and the compressibility 
has to be controlled and reduced by the calculation parameters to simulate incompressible flow fields as 
accurately as possible in coastal engineering. In this thesis, some benchmark problems (e.g. Figure 2) were 
carried out with the multiple-relaxation-time model to conduct a usability assessment of proposed free 
surface model and to parameterise the model for the compressibility to achieve the validation of the lattice 
Boltzmann method as a three-dimensional tsunami simulation method.  
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Figure 2: A comparison of the spacing density profiles between an advanced MRT-LBM and BGK-LBM. 
 The second model provides a hydrostatic two-dimensional tsunami simulation based on the non-linear 
shallow water theory. It is well known that this approach gives a good approximation of large-scaled 
tsunami simulation within a hydrostatic pressure can be assumed. Various benchmark problems are also 
carried out to validate the utility of the proposed models in term of turbulent flow problems. We concretely 
applied the two-dimensional model for the tsunami by the 2011 great east Japan earthquake. To carry out 
the simulation, we also added a moving shoreline boundary condition based on simple linear extrapolation 
approach and modified coupling technique for multiple scale grid analysis. The proposed two-dimensional 
tsunami simulation model by the lattice Boltzmann method was validated by comparison with the 
conventional finite difference method (FDM) as shown in Figure 3. 
 
Figure 3: Maximum inundation depth in Onagawa by 2011 great east Japan earthquake. (a) LBM, (b) FDM. 
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Figure 3: Maximum inundation depth in Onagawa by 2011 great east Japan earthquake. (a) LBM, (b) FDM. 
 A hybrid technique for coupling two and three-dimensional fluid models, moreover, is developed to achieve 
a consistent tsunami simulation from its occurrence to inland penetration. Considering tsunami simulation, 
it is necessary to correspond the flow situation, in which a large amount of fluid flows into three-dimensional 
computing area. In addition to the requirement, the coupling algorithm between two and three-dimensional 
fluid model has to be taken the compressibility effects. In this thesis, a coupling algorithm was proposed 
considering the compressibility and applied the scheme in the benchmark problem as shown in Figure 4.  
 From the theoretical point of view, we have successfully developed a general free surface fluid model, 
which is expected to offer a more flexible and highly resolved tool in the investigation of fluid structure, in 
details. The main practical contribution offered by this study is to enable large-scaled tsunami simulation 
more efficiently. It allows to understand the interaction behavior such as fluid transport in soils coupling 
with the discrete element method, which can be considered as starting points for future researches. 
 
Figure 4: Free surface shapes of dam-breaking flow acting on an obstacle. (a) two-dimensional view of 2D-3D 
hybrid simulation, (b) two-dimensional view of only two-dimensional simulation, (c) three-dimensional view, 
(d) experimental data. 
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